Reflectance anisotropy is a signal that contains information on the optical and structural properties of a surface and can be studied by performing multi-angular reflectance measurements that are often done using cumbersome goniometric measurements. In this paper we describe an innovative and fast method where we use a hyperspectral pushbroom spectrometer mounted on a multirotor unmanned aerial vehicle (UAV) to perform such multi-angular measurements. By hovering the UAV above a surface while rotating it around its vertical axis, we were able to sample the reflectance anisotropy within the field of view of the spectrometer, covering all view azimuth directions up to a 30 • view zenith angle. We used this method to study the reflectance anisotropy of barley, potato, and winter wheat at different growth stages. The reflectance anisotropy patterns of the crops were interpreted by analysis of the parameters obtained by fitting of the Rahman-Pinty-Verstraete (RPV) model at a 5-nm interval in the 450-915 nm range. To demonstrate the results of our method, we firstly present measurements of barley and winter wheat at two different growth stages. On the first measuring day, barley and winter wheat had structurally comparable canopies and displayed similar anisotropic reflectance patterns. On the second measuring day the anisotropy of crops differed significantly due to the crop-specific development of grain heads in the top layer of their canopies. Secondly, we show how the anisotropy is reduced for a potato canopy when it grows from an open row structure to a closed canopy. In this case, especially the backward scattering intensity was strongly diminished due to the decrease in shadowing effects that were caused by the potato rows that were still present on the first measuring day. The results of this study indicate that the presented method is capable of retrieving anisotropic reflectance characteristics of vegetation canopies and that it is a feasible alternative for field goniometer measurements.
Introduction
Natural surfaces reflect light anisotropically, which means that the reflected radiance varies with viewing and illumination geometry. Reflectance anisotropy is described by the bidirectional reflectance distribution function (BRDF), which is a function that quantifies the surface reflectance into a specific direction when being illuminated from a particular direction [1] . For remote sensing purposes, information on the BRDF is important, for example, for the correction of viewing and illumination effects [2] or for the calculation of albedo [3, 4] . In addition to this, the BRDF has been shown to contain additional information on vegetation parameters, such as canopy density, foliar water content, nitrogen content and leaf area index [5] , canopy height [6] , canopy clumping [7, 8] and soil properties, such as soil surface roughness [9] and soil moisture content [10] . Moreover, BRDF information can be used to improve classification accuracies [11] .
Reflectance anisotropy is commonly studied by performing multi-angular reflectance measurements using goniometers in laboratories under controlled conditions e.g., [12] [13] [14] [15] or in the field under natural conditions e.g., [16] [17] [18] [19] [20] [21] . Both laboratory and field goniometer measurements have their advantages and disadvantages [22] . A drawback of using laboratory goniometry is that the observed target has to be taken out of its natural environment and that an artificial light source has to be used, which typically results in a non-parallel light beam as opposed to the natural illumination of the sun [23] . A positive aspect, on the other hand, is the full control over the position and stability of the light source during measurement acquisition. An advantage of field goniometry is that the target can be observed in its natural environment and under natural illumination conditions. However, this also has as a consequence that measurements are affected by influences of atmospheric conditions, wind, and changes in illumination conditions due to the movement of the sun and clouds [24] . A drawback of both laboratory and field goniometer measurements is that they are cumbersome and time consuming.
Unmanned aerial vehicles (UAVs) might provide more elegant opportunities for performing multi-angular reflectance measurements. The fast emergence and development of unmanned aerial platforms and lightweight optical sensors has recently boosted the availability of new techniques for acquiring spectral data [25] . The relatively low operation height of UAVs results in derived products with a small spatial pixel size [26] , which are typically interesting for small scale precision agriculture applications [27] [28] [29] . UAVs have already become common platforms for use in remote sensing [30] , but the number of studies that use UAVs to perform multi-angular measurements for investigation of reflectance anisotropy is still small.
Until now, only a few approaches of using a UAV to capture reflectance anisotropy have been explored. Hakala et al. [31] used a consumer camera mounted on a UAV to acquire reflectance anisotropy of snow-covered land surfaces and compared these with simultaneous ground measurements. Grenzdörffer and Niemeyer [32] also used a consumer-grade camera mounted on a UAV to study the anisotropic reflectance behavior of winter wheat fields by capturing images at different view zenith and azimuth angles covering the full hemisphere. Burkart et al. [33] used a hyperspectral UAV-based point spectrometer to collect multi-angular data of several vegetated areas and compared the measurements with the SCOPE model. Honkavaara et al. [34] have demonstrated a method for extracting the reflectance anisotropy from multi/hyperspectral frame images in the georectification process. Duan et al. [35] collected hyperspectral images of several crop types during two consecutive flights performed in different directions using a UAV, which resulted in pixels that were observed from two directions in the overlapping part of the two flight lines. Based on this dual angle dataset Duan et al. showed an improvement in the estimation of the leaf area index (LAI). Reflectance anisotropy is also reported as an unwanted effect: Rasmussen et al. [36] investigated the performance of different vegetation indices using a consumer-grade camera mounted on a UAV and observed strong angular variation in reflectance images acquired in sunny conditions. To avoid these anisotropic effects, they advised to acquire data during clouded days. Not only viewing geometry, but also illumination geometry, can have an influence on anisotropic reflectance effects. Brede et al. [37] studied the effect of solar zenith angle on the enhanced vegetation index (EVI) and found a linear trend in the decrease of the EVI with an increasing illumination zenith angle.
In this paper we present an innovative method to rapidly measure reflectance anisotropy using a UAV and a hyperspectral pushbroom spectrometer system. We demonstrate the method by two showcases: (1) we compare anisotropy measurements of barley and winter wheat, two different crops that are structurally comparable due to their vertically-oriented canopies. In addition, we show how differences in grain head development of both crops result in different anisotropy patterns; and (2) we show the effect of canopy development on reflectance anisotropy for potato crops by measurements before and after the potato canopy closed.
Materials and Methods

Study Area and Flight Pattern
The study area consisted of three fields with different crops located north of Wageningen, the Netherlands (51 • 59 34.8"N, 5 • 39 4.6"E). The study area was characterized as an open and flat agricultural area without any vertical elements nearby. The target crops were barley (Hordeum vulgare L., sowing date: 18 March 2015), potato (Solanum tuberosum L., sowing date: 14 April 2015), and winter wheat (Triticum aestivum L., sowing date: 21 October 2014), which were growing in three adjacent fields (Figure 1 ). patterns; and (2) we show the effect of canopy development on reflectance anisotropy for potato crops by measurements before and after the potato canopy closed.
Materials and Methods
Study Area and Flight Pattern
The study area consisted of three fields with different crops located north of Wageningen, the Netherlands (51°59′34.8″N, 5°39′4.6″E). The study area was characterized as an open and flat agricultural area without any vertical elements nearby. The target crops were barley (Hordeum vulgare L., sowing date: 18 March 2015), potato (Solanum tuberosum L., sowing date: 14 April 2015), and winter wheat (Triticum aestivum L., sowing date: 21 October 2014), which were growing in three adjacent fields (Figure 1 ). Several UAV flights were performed over the study area at two different growth stages of the crops during the summer of 2015 (Table 1 ). All measurements were taken under clear sky conditions to minimize the variance in diffuse illumination and to ensure the strongest directional effects. The UAV measurements were performed using the Wageningen UR Hyperspectral Mapping System (HYMSY) on board an Altura AT8 octocopter [38] , Figure 2 . The HYMSY at its current configuration consists of a pushbroom spectrometer (450-915 nm, 9 nm full-width-at-half-maximum (FWHM), 25 lines/s, 328 pixels/line), a photogrammetric camera, and a miniature GPS-inertial navigation system (INS). The system and processing chain are specifically designed for agricultural mapping and monitoring applications of small areas (2-10 ha) in fine spatial detail. Several UAV flights were performed over the study area at two different growth stages of the crops during the summer of 2015 (Table 1 ). All measurements were taken under clear sky conditions to minimize the variance in diffuse illumination and to ensure the strongest directional effects. The UAV measurements were performed using the Wageningen UR Hyperspectral Mapping System (HYMSY) on board an Altura AT8 octocopter [38] , Figure 2 . The HYMSY at its current configuration consists of a pushbroom spectrometer (450-915 nm, 9 nm full-width-at-half-maximum (FWHM), 25 lines/s, 328 pixels/line), a photogrammetric camera, and a miniature GPS-inertial navigation system (INS). The system and processing chain are specifically designed for agricultural mapping and monitoring applications of small areas (2-10 ha) in fine spatial detail. The HYMSY is typically flown with the scanline of the spectrometer perpendicular to the flight direction and it produces a digital surface model (DSM) and a hyperspectral geocoded datacube, using orientations fused from the INS data and the photogrammetric orientation of the camera images. For the measurements of this study we took a different approach. Instead of performing the flight while maintaining the scanline of the spectrometer perpendicular to the flight direction, we flew the UAV while rotating it around its vertical axis at a constant rotation speed of approximately one revolution in 10 s. In this way, the azimuth orientation of each collected scanline was in a different azimuth plane. Based on the INS data and the photogrammetric orientation of the aerial images we derived the observation azimuth and zenith angles for each pixel. Collecting scanlines while completing full rotations with the UAV resulted in datasets covering the full 360° azimuth sampling range. While most goniometers sample the same area from multiple observation directions, the method presented in this paper takes multiple pixels in a sampling area from multiple observation directions. The rationale behind this is that, if the sampling area contains only a single crop or vegetation type and a large amount of pixels are measured, the measurements of the individual pixels will represent the reflectance anisotropy of the sampling area. The measurement principle can be compared to tower-based multi-angular measurements where different azimuth and zenith angles are sampled by rotating a sensor at a fixed position above a surface, such as the case of the Automated Multiangular Spectro-radiometer for Estimation of Canopy reflectance (AMSPEC) series [39] [40] [41] or the Portable Apparatus for Rapid Acquisition of Bidirectional Observation of the Land and Atmosphere III (PARABOLA III) [42] .
The field of view (FOV) of the spectrometer's scanline that was used for the measurements was 42.4°. When rotating the UAV while the center of the FOV is aimed towards the nadir position, the maximum zenith sampling angle would be 21.2°. To increase the maximum zenith sampling angle, we mounted the spectrometer tilted under the UAV to capture pixels at greater zenith angles ( Figure  3a ). The actual maximum zenith angle sampling range depends on the roll, pitch and yaw of the UAV during the flights and is, therefore, slightly different for each scanline. The HYMSY is typically flown with the scanline of the spectrometer perpendicular to the flight direction and it produces a digital surface model (DSM) and a hyperspectral geocoded datacube, using orientations fused from the INS data and the photogrammetric orientation of the camera images. For the measurements of this study we took a different approach. Instead of performing the flight while maintaining the scanline of the spectrometer perpendicular to the flight direction, we flew the UAV while rotating it around its vertical axis at a constant rotation speed of approximately one revolution in 10 s. In this way, the azimuth orientation of each collected scanline was in a different azimuth plane. Based on the INS data and the photogrammetric orientation of the aerial images we derived the observation azimuth and zenith angles for each pixel. Collecting scanlines while completing full rotations with the UAV resulted in datasets covering the full 360 • azimuth sampling range. While most goniometers sample the same area from multiple observation directions, the method presented in this paper takes multiple pixels in a sampling area from multiple observation directions. The rationale behind this is that, if the sampling area contains only a single crop or vegetation type and a large amount of pixels are measured, the measurements of the individual pixels will represent the reflectance anisotropy of the sampling area. The measurement principle can be compared to tower-based multi-angular measurements where different azimuth and zenith angles are sampled by rotating a sensor at a fixed position above a surface, such as the case of the Automated Multiangular Spectro-radiometer for Estimation of Canopy reflectance (AMSPEC) series [39] [40] [41] or the Portable Apparatus for Rapid Acquisition of Bidirectional Observation of the Land and Atmosphere III (PARABOLA III) [42] .
The field of view (FOV) of the spectrometer's scanline that was used for the measurements was 42.4 • . When rotating the UAV while the center of the FOV is aimed towards the nadir position, the maximum zenith sampling angle would be 21.2 • . To increase the maximum zenith sampling angle, we mounted the spectrometer tilted under the UAV to capture pixels at greater zenith angles ( Figure 3a) . The actual maximum zenith angle sampling range depends on the roll, pitch and yaw of the UAV during the flights and is, therefore, slightly different for each scanline. For the data collection, the UAV was programmed to hover for one minute at a height of approximately 10 meters above ground level at a waypoint that was selected in the center of each of the fields. Operating at this height resulted in a ground sampling distance of about 6cm. Once the UAV completed a 360° rotation around its vertical axis, a theoretically circular sampling area of approximately 100 m 2 was covered. However, the rotational instability of the UAV resulted in a rotation around the waypoint, forming a ring-shaped sampling area (Figure 3b ). Transforming the measurement scheme of Figure 3a to a polar coordinate system results in an angular sampling range up to around 30° zenith covering all azimuth directions (Figure 3c ). The scanlines of Figure 3b result in a coverage of azimuth and zenith angles as shown in Figure 3d . The final collected datasets per crop consisted of 230,000-350,000 pixels within each sampling area at 94 spectral bands, ranging from 450 to 915 nm. In the fields there were some tractor tracks (Figure 3b ), which for some targets and view directions formed a significant part of the sampled area. These tracks were manually filtered out before processing of the data. For the barley and winter wheat targets the observed anisotropy patterns could, therefore, be assigned solely to the crops. For the potato crops on the first measuring day, the anisotropy pattern is a combination of the signal of the potato plant and the soil background due to the open row structure of the potato canopy at this time ( Figure 1 ).
Data Processing
The radiometric and geometric processing of the UAV data was done using the standard HYMSY processing chain described in detail in [38] . In this processing chain, the radiances measured by the spectrometer were converted to reflectance factors using the empirical line method For the data collection, the UAV was programmed to hover for one minute at a height of approximately 10 meters above ground level at a waypoint that was selected in the center of each of the fields. Operating at this height resulted in a ground sampling distance of about 6 cm. Once the UAV completed a 360 • rotation around its vertical axis, a theoretically circular sampling area of approximately 100 m 2 was covered. However, the rotational instability of the UAV resulted in a rotation around the waypoint, forming a ring-shaped sampling area (Figure 3b ). Transforming the measurement scheme of Figure 3a to a polar coordinate system results in an angular sampling range up to around 30 • zenith covering all azimuth directions (Figure 3c ). The scanlines of Figure 3b result in a coverage of azimuth and zenith angles as shown in Figure 3d . The final collected datasets per crop consisted of 230,000-350,000 pixels within each sampling area at 94 spectral bands, ranging from 450 to 915 nm. In the fields there were some tractor tracks (Figure 3b ), which for some targets and view directions formed a significant part of the sampled area. These tracks were manually filtered out before processing of the data. For the barley and winter wheat targets the observed anisotropy patterns could, therefore, be assigned solely to the crops. For the potato crops on the first measuring day, the anisotropy pattern is a combination of the signal of the potato plant and the soil background due to the open row structure of the potato canopy at this time (Figure 1 ).
The radiometric and geometric processing of the UAV data was done using the standard HYMSY processing chain described in detail in [38] . In this processing chain, the radiances measured by the spectrometer were converted to reflectance factors using the empirical line method with a measurement of a 25 cm × 25 cm 25% grey Spectralon panel (LabSphere Inc., North Sutton, NH, USA) and a dark current measurement taken just prior to the flight. To improve the signal-to-noise ratio, we applied Gaussian smoothing with a FWHM of ±5 bands (±25 nm) to the spectra.
For the geometric alignment of the HYMSY, aerial photos collected during the flights were aligned in Agisoft PhotoScan software (v1.1.2, AgiSoft LLC, St. Petersburg, Russia). The photogrammetric alignment of the photos was then fused with the data from HYMSY GPS INS to calculate view zenith and azimuth angles of each pixel. In the standard HYMSY processing these geometric metadata would have been used for the georectification of the hyperspectral data but, for the reflectance anisotropy measurements presented here, this step was omitted.
Due to the low accuracy of the magnetic compass in the HYMSY system and the lack of horizontal movement during the flights to exploit GPS data for sensor headings, the accuracy of azimuth angles retrieved from the standard HYMSY processing was found to be inadequate. Therefore, it was still mandatory to manually define the solar principal plane in the reflectance anisotropy data and use that to define the view azimuth angles. The accuracy of the final azimuth and zenith angles was estimated to be better than 2 • . Usage of ground control points in the experiment would have resulted in better angular accuracy and removed the need for manual correction.
Data Analysis
The reflectance anisotropy was quantified using the anisotropy factor (ANIF). The ANIF is a ratio that describes the reflectance factor relative to the nadir reflectance factor [15] :
where R is the reflectance factor at wavelength λ observed from direction [θ r , ϕ r ] and illuminated from direction [θ i , ϕ i ]. R 0 is the reflectance factor at the nadir view.
To smoothen and filter the measurements, the data were resampled to a discrete grid of 1 • azimuth and zenith view angles. We applied an angular smoothing of an area of 5 • radius around each discrete azimuth and zenith observation angle to be able to assign a single reflectance factor to an observation position. A discrete azimuth and zenith observation angle was only considered if there were at least 1000 pixels within this 5 • radius.
To interpret the measurements and parameterize the anisotropy patterns, we fitted the Rahman-Pinty-Verstraete model (RPV) [43] through each dataset. The RPV model is a semi-empirical model that uses four parameters to simulate the BRDF of any arbitrary surface. It has been used in anisotropy studies of a wide variety of targets like forests [44] , grasslands and cultivated fields [45] , snow [31] , and soil [10, 46] at different scales ranging from the centimeter scale in laboratory studies [10, 47] , to the decimeter scale in UAV-and airborne-based studies [11, 31] , up to a scale of several hundreds of meters to a kilometer scale in space-borne studies. The model splits the reflectance anisotropy in an amplitude component (ρ 0 ) and a directional component:
where the k parameter controls the bowl/bell shape of the anisotropy curve. The relative amount of forward/backward scattering, controlled by the Θ parameter, is defined as:
where g = cos θ i cos θ r + sin θ i sin θ r cos (ϕ i − ϕ r )
The hotspot is approximated by:
where
To estimate the parameters that best describe the anisotropy, the RPV model was fitted through the multi-angle reflectance measurements by a non-linear least squared regression method that uses the Levenberg-Marquardt algorithm, implemented in R (version 3.3.1) [48] . The range of possible solutions for the fitting of the RPV model for the Θ parameter was restricted between −1 and 1, where Θ <0 indicates predominant backward scattering and Θ >0 indicates predominant forward scattering anisotropy. Since no measurements were taken close to the hotspot (Table 1) , the ρ c parameter was fixed at 1, which indicates no additional fitting around the hotspot position. The range of the k parameter was left free, where k <1 resembles a bowl-shaped anisotropy curve and k >1 resembles a bell-shaped anisotropy curve.
Results and Discussion
Barley and Winter Wheat
On the first measuring day, when the top layer of the barley and winter wheat canopies were still formed by leaves, both the barley and winter wheat displayed typical anisotropy characteristics, as are commonly seen for vertically-oriented canopies. In the red band (650 nm), where shadows are darkest due to absorption of radiance by chlorophyll, the lowest ANIFs were observed in the forward scattering direction and the highest ANIFs in the backward scattering direction (Figure 4b,e) . 
To estimate the parameters that best describe the anisotropy, the RPV model was fitted through the multi-angle reflectance measurements by a non-linear least squared regression method that uses the Levenberg-Marquardt algorithm, implemented in R (version 3.3.1) [48] . The range of possible solutions for the fitting of the RPV model for the parameter was restricted between −1 and 1, where <0 indicates predominant backward scattering and >0 indicates predominant forward scattering anisotropy. Since no measurements were taken close to the hotspot (Table 1) , the parameter was fixed at 1, which indicates no additional fitting around the hotspot position. The range of the parameter was left free, where <1 resembles a bowl-shaped anisotropy curve and >1 resembles a bell-shaped anisotropy curve.
Results and Discussion
Barley and Winter Wheat
On the first measuring day, when the top layer of the barley and winter wheat canopies were still formed by leaves, both the barley and winter wheat displayed typical anisotropy characteristics, as are commonly seen for vertically-oriented canopies. In the red band (650 nm), where shadows are darkest due to absorption of radiance by chlorophyll, the lowest ANIFs were observed in the forward scattering direction and the highest ANIFs in the backward scattering direction (Figure 4b,e) . This effect occurs because, in the backward scattering direction, the sensor was viewing the well-illuminated side of the canopies, which resulted in a higher reflectance, and in the forward scattering direction the shadowed side of the canopies, which resulted in a lower reflectance. In addition to this effect, view zenith angles (VZAs) close to nadir allow for a view of the lower shadowed layers of the canopy and with increasing off-nadir VZAs the relative proportion of higher, well-illuminated canopy layers that are observed by the sensor increases, resulting in an increase of reflectance [15, 49] .
In the near-infrared band (NIR, 800 nm), where shadow effects are weaker due to lower absorption of radiance by chlorophyll, the ANIFs increased with increasing view zenith angles, independent of the view azimuth direction. The small contribution of the shadow effect puts the position of the lowest observed ANIF close to nadir, slightly in the forward direction (Figure 4c,f) .
The k and Θ-parameter spectra, obtained at a 5-nm interval between 450 nm and 915 nm by fitting the RPV model through the measurements of flights 1 and 3 on day 1 and day 2 at 10:00 a.m. (Table 1) , illustrate the observed anisotropy patterns in terms of the reflectance bowl/bell-shaped anisotropy and forward/backward scattering dominance, respectively (Figure 5a-c) . On the first measuring day, both crops were in a pre-heading stage and the top layers of their canopies were mainly formed by leaves. For both crops at this stage, the k parameter spectrum followed a trend opposite to that of a vegetation reflectance factor spectrum (Figure 5b ). The blue and red wavelengths had k >1, indicating a bell-shaped anisotropy curve. At these wavelengths the anisotropy was dominated by shadow effects due to the strong absorption of radiation by chlorophyll in the leaves that formed the top layer of the barley and winter wheat canopies. Accordingly, this resulted in the lowest values of Θ in these wavelength regions (Figure 5c ). In the green part of the spectrum these shadow effects were weaker due to less absorption by chlorophyll in this region, resulting in slightly higher Θ values and k values just below 1. k values <1 were obtained by fitting the RPV model in the NIR wavelength region, indicating a bowl-shaped anisotropy pattern. Moreover, the backward scattering was weaker in this wavelength region, which resulted in Θ values of roughly −0.13 for barley and −0.09 for winter wheat between 750 and 915 nm (Figure 5c ). Even though barley and winter wheat are different crops, both of them displayed very similar anisotropy patterns over the measured spectral domain on the first measurement day due to their similar canopy structures.
At the time of the second measuring day, both crops were in their grain development stage. This had as a result for barley that the top layer of the canopy was no longer formed by leaves, but by a layer of less photosynthetically active grain heads with large awns and the heads were clearly bending downwards (Figure 1) . The anisotropy at this stage was characterized by an overall increased k parameter value at all measured wavelengths with k >1 in the visible wavelength region (Figure 5e ). In addition, the backward scattering intensity decreased in the visible wavelengths with Θ values of around −0.33 to approximately −0.12 (Figure 5c,f) .
The winter wheat canopy on the second measuring day was formed by vertically-oriented grain heads that were pointing out above the leaf layer, also resulting in less photosynthetically active material in the a top canopy layer. This resulted in a similar k spectrum as for the barley canopy (Figure 5e ). The Θ parameter followed the same trend as during the first day, but with a less emphasized peak at green wavelengths. In the NIR wavelength region, the Θ parameter decreased from −0.09 to −0.16, indicating stronger shadow effects due to the presence of opaque grain heads in the top canopy layer. 
Potato Canopy Closure
On measurement day 1, when the potato canopy was showing an open row structure, the soil formed a significant part of the signal when measured by the sensor in the nadir view. With increasing VZA, the proportional area of observed soil decreased and the proportional area of observed vegetation increased. In the red wavelength region, an increase in VZA resulted, therefore, in a decrease of the reflectance factor, since soil has a higher reflectance at this wavelength compared to vegetation. In addition, the row structure of the potato crops produced strong shadows, which caused a higher reflectance in the backward scattering direction and lower reflectance in the forward 
On measurement day 1, when the potato canopy was showing an open row structure, the soil formed a significant part of the signal when measured by the sensor in the nadir view. With increasing VZA, the proportional area of observed soil decreased and the proportional area of observed vegetation increased. In the red wavelength region, an increase in VZA resulted, therefore, in a decrease of the reflectance factor, since soil has a higher reflectance at this wavelength compared to vegetation.
In addition, the row structure of the potato crops produced strong shadows, which caused a higher reflectance in the backward scattering direction and lower reflectance in the forward scattering direction. This resulted in a bell-shaped curve with the highest ANIFs around the nadir and in the backward scattering direction (Figure 6b ). Bell-shaped anisotropy curves are typically seen at bright surfaces that are partially covered by darker objects, such as sparse agricultural canopies [49] or snow-covered surfaces with snow-free trees [44] . In the NIR wavelength region an increase in VZA resulted in an increased ANIF, which is opposite to the red region, since vegetation has a higher reflectance in this wavelength region than soil. scattering direction. This resulted in a bell-shaped curve with the highest ANIFs around the nadir and in the backward scattering direction (Figure 6b ). Bell-shaped anisotropy curves are typically seen at bright surfaces that are partially covered by darker objects, such as sparse agricultural canopies [49] or snow-covered surfaces with snow-free trees [44] . In the NIR wavelength region an increase in VZA resulted in an increased ANIF, which is opposite to the red region, since vegetation has a higher reflectance in this wavelength region than soil. Between measurement days 1 and 2, the potato canopy grew from an open row structure to a continuous surface covering the soil almost completely (Figure 1) . In addition to a strong increase of the amplitude parameter in the NIR due to the increased vegetation cover (Figure 7a ), this resulted in a significantly decreased reflectance anisotropy over the full measured wavelength region on day 2. Especially, we observed a strong decrease in backward scattering, which is clearly indicated by the increase of the parameter to values close to 0 between day 1 and day 2 ( Figure 7c ). The decrease in backward scattering is likely due to the disappearance of the open row structure between day 1 and day 2 and, thus, the absence of strong row-induced shadows. The general bowl/bell anisotropy pattern remained nearly the same between day 1 and 2, as can be seen by the similar parameter spectra on both days (Figure 7b) . However, the bowl shape was less pronounced in the 750-915 nm region as can be seen by the increase of the values from around 0 to 0.58 on day 1 and 2, respectively. Likely, this happened because the less reflective soil in the NIR that was observed by the sensor on measurement day 1 at near nadir VZAs was no longer observed on day 2, resulting in a weaker increase of reflectance with increasing VZAs in this wavelength region. Between measurement days 1 and 2, the potato canopy grew from an open row structure to a continuous surface covering the soil almost completely (Figure 1) . In addition to a strong increase of the amplitude parameter in the NIR due to the increased vegetation cover (Figure 7a ), this resulted in a significantly decreased reflectance anisotropy over the full measured wavelength region on day 2. Especially, we observed a strong decrease in backward scattering, which is clearly indicated by the increase of the Θ parameter to values close to 0 between day 1 and day 2 (Figure 7c) .
The decrease in backward scattering is likely due to the disappearance of the open row structure between day 1 and day 2 and, thus, the absence of strong row-induced shadows. The general bowl/bell anisotropy pattern remained nearly the same between day 1 and 2, as can be seen by the similar k parameter spectra on both days (Figure 7b) . However, the bowl shape was less pronounced in the 750-915 nm region as can be seen by the increase of the k values from around 0 to 0.58 on day 1 and 2, respectively. Likely, this happened because the less reflective soil in the NIR that was observed by the sensor on measurement day 1 at near nadir VZAs was no longer observed on day 2, resulting in a weaker increase of reflectance with increasing VZAs in this wavelength region. 
General Discussion
We presented an innovative and fast method in which we captured reflectance anisotropy by extracting the multi-angular views that are collected by the HYMSY system. By hovering a UAV with a hyperspectral pushbroom spectrometer above a surface while rotating it around its vertical axis, we were able to obtain the reflectance anisotropy of several crops. As demonstrated, the described method can be used to rapidly acquire the reflectance anisotropy. It might be an interesting alternative to field goniometer measurements and is especially interesting for measurements of small canopies like those of agricultural crops. 
We presented an innovative and fast method in which we captured reflectance anisotropy by extracting the multi-angular views that are collected by the HYMSY system. By hovering a UAV with a hyperspectral pushbroom spectrometer above a surface while rotating it around its vertical axis, we were able to obtain the reflectance anisotropy of several crops. As demonstrated, the described method can be used to rapidly acquire the reflectance anisotropy. It might be an interesting alternative to field goniometer measurements and is especially interesting for measurements of small canopies like those of agricultural crops.
The barley and winter wheat canopies on both measuring days and the potato canopy on the second measuring day were nearly completely covering the complete surface and, therefore, the anisotropy patterns that we observed for these targets can be attributed solely to the crops. The potato canopy on the first measuring day was not completely covering the surface. The observed anisotropy signal on this day was, thus, composed by both the potato plants and the exposed soil. The measurements of the potato crop on the first measuring illustrated how the row structure of the potato plants resulted in strong differences between forward and backward scattering due to the presence of shadows. The closing of the potato canopy resulted in an overall decrease of reflectance anisotropy, and especially in a decrease of backward scattering intensity, something that has also been observed with canopy closure of soybeans [50] . The anisotropy patterns of barley and winter wheat were dominated by backward scattering over the full measured spectral domain, with emphasis on the visible wavelength region, combined with a strong bell-shaped anisotropy in the NIR. Similar patterns for barley and wheat were also found in several other studies e.g., [51] [52] [53] and are typical for vertically-oriented vegetation canopies, such as grasses e.g., [14, 15] .
With our sensor hardware and additional tilt of the spectrometer, the maximum VZA was limited to 25 • -35 • , which matches the VZAs of most satellite and airborne remote sensing sensors. Very likely, extending the VZA to larger angles would provide more information on the reflectance anisotropy and would make the fitting of the RPV model, or any other BRDF model, more stable. Tilting the spectrometer at an even greater angle would result in sampling of larger VZAs. However, it has to be taken into account that a larger target surface is needed to make sure that the FOV of the sensor will stay within the target boundaries. The fields in our study area were quite narrow (±50 m) and to ensure that the sensor was only observing a single crop during the rotation of the UAV, we did not tilt the spectrometer any further, but we will experiment with extending the VZA in future measurements.
The strength of the presented method is the very high density of samples that are collected in a short amount of time. Since each of the pixels in the scanline of the spectrometer can be considered as an individual sample, this means that, per second, 328 × 25 = 8200 samples are collected at a 5-nm interval in the 450-915 nm range. By performing an angular smoothing as described in the methods section, the average anisotropy of a surface can be obtained, whereas most goniometers only provide the anisotropy of a single point, which does not have to be representative for the investigated target surface. Another strength of the data collected with our method is that it contains reflectance anisotropy at canopy level over the full spectrum. From the fitting of the RPV model, we can see that the changes in bowl/bell (k) and forward/backward (Θ) spectra mostly follow the changes of the normal reflectance factor spectrum. However, the relation does not seem to be linear, as sometimes small changes in nadir reflectance factor, for example in the green wavelength region, seem to produce disproportionally large changes in RPV parameters. The results indicate that the reflectance anisotropy signal contains information about the canopy beyond the extent of the basic (nadir) reflectance factor spectrum. Using our spectra it is also possible to evaluate the number of spectral bands necessary to generally describe the reflectance anisotropy of vegetation. Our RPV parameter spectra suggest that separate measurements in at least blue/UV, green, red, and a single NIR band should be sufficient to broadly describe the reflectance anisotropy of vegetation targets in the VIS-NIR range. Such a generic description of reflectance anisotropy should be sufficient for BRDF correction of imagery and generic algorithms extracting canopy structural parameters. For more advanced analysis of reflectance anisotropy, there still may be benefits in collecting full hyperspectral data. An interesting approach to reflectance anisotropy is to consider that from different view angles the observer detects different portions of the top-most and the deeper layers of the canopy [54] . In traditional remote sensing, it is possible to estimate leaf pigment concentrations in the canopy using hyperspectral data. Similarly, using hyperspectral anisotropy data, it might be possible to derive the distribution of pigments within the vertical structure of the canopy.
Conclusions
In this paper we presented a fast and innovative method to capture reflectance anisotropy using a pushbroom spectrometer mounted on a UAV as an alternative for cumbersome goniometer measurements. We used this method to collect the reflectance anisotropy of several agricultural crops at two different growth stages and fitted the RPV model to parameterize and interpret the measurements. Measurements of barley and winter wheat before heading showed very similar anisotropic reflectance patterns that were dominated by backward scattering (Θ < 0) over the measured spectral domain (450-915 nm), with emphasis on the visible wavelengths, combined with a bowl-shaped anisotropy (k < 1) in the NIR band for both crops. The development of grain heads on the second measurement day resulted in different composition of the top layers of the barley and winter wheat canopies, which resulted in distinctively different RPV parameter spectra for both crops, indicating a potentially useful signal of grain head development in the multi-angular reflectance observations. Measurements of potato showed a strong reduction of backscattering when the potato crops grew from an open row structure to a fully-developed canopy that was almost completely covering the surface. In our data the change in reflectance anisotropy was very distinct for all measured crops, suggesting that anisotropy effects could potentially be used as a signal in operational remote sensing.
